In this work the results of investigations of the titanium-niobium oxides thin films have been reported. The thin films were manufactured with the aid of a modified reactive magnetron sputtering process. The aim of the research was the analysis of structural, optical and electrical properties of the deposited thin films. Additionally, the influence of post-process annealing on the properties of studied coatings has been presented. The as-deposited coatings were amorphous, while annealing at 873 K caused a structural change to the mixture of TiO 2 anatase-rutile phases. The prepared thin films exhibited good transparency with transmission level of ca. 50 % and low resistivity varying from 2 Ωcm to 5·10 −2 Ωcm, depending on the time and temperature of annealing. What is worth to emphasize, the sign of Seebeck coefficient changed after the annealing process from the electron to hole type electrical conduction.
Introduction
In the recent years a growing interests in research concerning modification of electrical properties of TiO 2 has been observed [1] [2] [3] [4] [5] [6] . Nowadays, due to addition of dopants into the TiO 2 it is possible to prepare coatings, which at room temperature are conducting (TCO -Transparent Conducting Oxides) or semiconducting (TOS -Transparent Oxides Semiconductors) thin films. Such transparent and electrically conducting or semiconducting coatings can find wide application, for example, in new dynamically developed field of science, which relates to electronics and photonics, so-called Transparent Electronics. A distinct increase of interests in oxides has been observed, especially for those, which are high-temperature stable, chemically resistant, easy applicable to a largescale production and abundant.
One of the first reports on transparent conducting oxides of TiO 2 :Nb thin films has been published by Furubayashi et al. [4] . TCO thin films with similar properties have also been reported by other authors while using such dopants as tantalum or ruthenium. TiO 2 doped with Nb, Ta or Ru usually exhibits electron type conduction. However, in the work [6] the authors have also shown that doping of TiO 2 with cobalt enabled the creation of semiconducting films with the hole type conductivity. Unfortunately, such well conductive and welltransparent thin films were obtained only after additional annealing of the prepared structures at a temperature of at least 300 • C in hydrogen, nitrogen or in a vacuum [4, 5, 9, 10] . As a result, their application, for example as a transparent electrode in already existing devices, such as silicon devices, is limited.
In this work, the results of investigations of the structural, optical and electrical properties of thin films of titanium-niobium oxides, denoted here as (Ti,Nb)Ox, prepared by the high energy reactive magnetron sputtering method have been outlined.
Experiment
The (Ti,Nb)Ox thin films were prepared by the high energy reactive magnetron sputtering (HE RMS) method [11] using Ti-Nb mosaic target. The sputtering process was carried out at a low pressure (0.1 Pa), in reactive atmosphere using high purity oxygen (99.99 %) as a working and reactive gas. The low pressure of the sputtering allowed us to obtain a longer mean free path, which enabled oxygen ions to bombard the target surface with higher energy [12] . As a result the deposition rate and ion flux decreased. The sputtering power during the deposition process was equal to ca. 1.15 kW. The circular magnetron, 100 mm in diameter with a modified magnetic field configuration was used [13, 14] which allowed a higher degree of the plasma ionization and confinement of plasma near the sputtered target surface. The magnetron was powered using a Dora Power Systems pulse supplier [15] and the power to the magnetron was supplied in full-wave rectified, 165 kHz sinusoidal pulses grouped in the 1.6 kHz unipolar pulse packets [15] . The amplitude of the applied sinusoidal pulses was increased to 1.8 kV. The mosaic titanium-niobium target was mounted on the magnetron cooling plate using 1.5 mm thick and 20 mm in diameter copper spacer for the sake of a rise of thermal resistivity, which allowed heating of the target close to the melting point. The target to substrate distance was equal to 90 mm and the substrates temperature was increased to 570 -680 K during the sputtering process. The low pressure of reactive gas and the magnetron powering conditions resulted in obtaining of amorphous thin films. Detailed description of the preparation method had already been given elsewhere [16] . The thickness of the deposited thin films was 520 nm. The (Ti,Nb)Ox thin films were deposited on Corning 7059 substrates. For the sake of electrical measurements, NiCrSi-Ag ohmic contacts were deposited on the thin films surface.
The elemental composition and the surface morphology of the thin films were investigated with the aid of a FESEM FEI Nova NanoSEM 230 scanning electron microscope (SEM). The SEM images were obtained using a low voltage high contrast vCD detector, which is effective for low voltage (< 3 kV) backscattered electron imaging. The elemental composition was measured with the aid of X-ray microanalysis using an EDS EDAX Genesis equipment.
To determine the surface topography properties, AFM measurements were performed by UHV VT AFM/STM Omicron atomic force microscope operating in ultra high vacuum conditions in contact mode.
The type of crystal structure and average crystallites size were determined based on the results of the X-ray diffraction (XRD) measurements using a Siemens D5005 powder diffractometer with Cu Kα (λ = 0.154059 nm) radiation. The crystallites sizes were calculated using Scherrer's equation [17] .
X-ray photoelectron spectroscopy (XPS) measurements were performed to determine the oxidation states of each element on the sample surface, with the aid of a Specs Phoibos 100 MCD-5 (5 single channel electron multiplier) hemispherical analyzer using a Specs XR-50 X-ray source with Mg Kα (1253.6 eV) beam. The measurement results were further analysed using CasaXPS software. All spectra were calibrated with respect to the binding energy of adventitious C1s peak at 284.8 eV.
Optical properties were evaluated on the basis of transmission and reflection measurements. The experimental system was based on an Ocean Optics QE 65000 spectrophotometer with a coupled deuterium-halogen light source. The optical spectra were measured in the wavelength range of 300 to 1000 nm.
The value of resistivity was evaluated after performing several temperature ageing cycles. The thermoelectrical voltage measurements were performed for as-deposited and annealed at 873 K thin films using a Meratronik V533 multimeter and the temperature was controlled by a Pt100 sensor. Thermoelectrical voltage was investigated in the temperature range of 293 K to about 613 K. 
Results
Elemental composition of the prepared thin oxide films was analyzed using energy dispersive X-ray spectroscopy and the estimated niobium concentration was equal to 3.3 at.% with regard to the titanium and the oxygen contents. In Fig. 1 SEM images of the surface of the investigated thin films are shown. The deposited coatings are crack free, exhibit good adherence to the substrate, no discontinuity of the thin film is observed and the surface morphology is homogeneous. The particles visible in the image (Fig. 1 ) have different shapes, however their size is in the range of 40 -160 nm.
In order to extend the information obtained using the SEM investigations, the AFM measurements of the as-prepared thin films were also performed. AFM measurements confirm the results obtained by the SEM investigations. The images of the film in Fig. 2a and 2b show crack-free surface and densely packed surface composed from the visible grains with repeatable shape. At the surface of the thin films, the grains whose height is of ca. 25 -35 nm are visible. That is also confirmed by the height distribution of the grains and cross-section topography of the surface presented in Fig. 2c and 2d , respectively. The height distribution of the grains contains two visible ranges of ca. 10 -15 nm and 25 -35 nm. The calculated RMS surface roughness was found to be equal to 8.98 nm. The cross-section topography of the thin film surface shows that the maximum height of the profile is equal to ca. 35 nm.
The results of XRD measurement of the prepared thin films are presented in Fig. 3 . The asdeposited samples were amorphous, while the additional post-process annealing in air at 873 K caused a change of the structure into the well crystallized TiO 2 anatase-rutile mixture. The crystallites sizes (D) were equal to 34.1 nm and 11.7 nm for the anatase and rutile, respectively. Such values confirm the nanocrystalline structure of the annealed coatings.
The XPS measurements were performed to determine the chemical states of titanium and niobium on the surface of prepared (Ti,Nb)Ox thin films. In Fig. 4 the Ti2p and Nb3d core level spectra are presented for the as-deposited and the annealed samples.
In case of the as-deposited thin films the position of the Ti2p doublet and the separation energy width equal to 5.8 eV between the Ti2p 3/2 and Ti2p 1/2 peaks indicates the Ti 4+ oxidation state of titanium, which as a result testifies about the formation of TiO 2 [20] . However, besides the peaks typical of Ti 4+ oxidation state, also a peak related to the oxygen-defficient Ti 3+ state was found. That indicates the formation of Ti 2 O 3 oxide. The ratio of the TiO 2 to Ti 2 O 3 oxides on the surface of the thin film was equal to 96.2 at.% and 3.8 at.%, respectively.
The position of the Nb3d doublet and the separation energy width equal to 2.7 eV between the Nb3d 5/2 and Nb3d 3/2 peaks indicates the Nb 5+ oxidation state. That testifies about the formation of Nb 2 O 5 on the sample surface [20] . For the asdeposited sample it was also found, that besides niobium at the Nb 5+ oxidation state, there were also peaks at 207.9 eV and 204.6 eV, which are related to oxygen deficient state of Nb 2+ . This in turn, indicates on the formation of NbO. The ratio of the Nb 2 O 5 to NbO oxides on the surface of the thin film was equal to 91 at.% and 9 at.%, respectively.
After the annealing process of the thin films only the Ti2p doublet with the separation energy width equal to 5.7 eV and the Nb3d doublet with the separation energy of 2.8 eV were found on the sample surface. The additional annealing in air led to the full oxidation of titanium and niobium in the thin films and caused the occurrence of only Ti 4+ and Nb 5+ oxidation states. Higher oxidation state of niobium ions also caused the generation of titanium vacancies, which in turn allowed one to keep the electrical balance and influence on the thin film resistivity. The elemental composition of the surface of the thin films was evaluated based on relative sensitivity factors (R.S.F.) for each of the element core levels. The area under each spectrum was evaluated with CasaXPS software. The R.S.F. were equal to 7.9, 8.46 and 2.85 for Ti2p, Nb3d and O1s core levels, respectively. The niobium content calculated using these values was of 4.1 at.%, which is in a good correlation with the EDS measurement results.
The results of optical properties investigations are shown in Fig. 5 . The as-deposited (Ti,Nb)Ox thin films had the transmission of ca. 45 % in the visible light range, while additional annealing caused a significant increase of 10 % in the average. The cut-off wavelength (λ cut−o f f ) that is the position of the fundamental absorption edge was ca. 346 nm for the as-deposited sample and the annealing process did not cause any change of this value. While the transmission coefficient increased after the post-process annealing, the reflection coefficient maintained stable, that is neither decrease nor increase was observed. This may testify about the decrease of absorption coefficient after postprocess annealing, which can be the result of the change in oxidation states of titanium and niobium. The fully oxidized TiO 2 and Nb 2 O 5 thin films exhibited higher transmission than the oxygen deficient ones. Additionally, in Fig. 6 the relationship of ln α(E) for the as-deposited and annealed at 873 K (Ti,Nb)Ox thin films is presented. The annealing caused the change of the amorphous phase to the rutile-anatase mixed structure. Therefore, the decrease in the Urbach energy after annealing is caused by occurrence of the more ordered crystalline structure as-compared to the amorphous phase. It may also indicate on the decay of the defects in the crystalline structure of annealed thin films. In case of the fine-crystalline structure of the annealed (Ti,Nb)Ox thin films, the still relatively high value of the Urbach energy testifies about diversification of the crystallites size and shape. This may also influence the increase of the transmission coefficient.
In Fig. 7 characteristics of resistivity as a function of the post-process annealing temperature for the (Ti,Nb)Ox thin films are presented. The increase in temperature causes the decrease in resistivity level, which is typical behaviour for semiconductors. The decrease is of one order of magnitude from ca. 1.5 Ωcm at room temperature to 1.9·10 −1 Ωcm at 600 K. Several cycles of heating and cooling of the sample were performed. After the 4 th cycle only a negligible change of the resistivity value during the change of temperature was recorded. Performing several cycles of heatingcooling of the thin film caused the decrease of resistivity value to 2.3·10 −1 Ωcm at room temperature and at temperature elevated to 600 K the resistivity was equal to 6.6·10 −2 Ωcm. Additional postprocess annealing at 873 K caused the decrease of the resistivity to 4.1·10 −2 Ωcm. In Fig. 8 characteristics of Seebeck coefficient as a function of temperature for the as-deposited and annealed thin films are presented. The Seebeck coefficient was calculated from the well-known formula, as follows [21] :
where: S is Seebeck coefficient, ∆U -difference of thermoelectrical voltage, ∆T -difference of temperature. The sign of the Seebeck coefficient revealed, that the as-deposited (Ti,Nb)Ox thin films exhibited n-type conduction, while the postprocess annealing at 873 K caused a change of the sign of Seebeck coefficient to the positive. That, in turn, testifies about the p-type conduction of the annealed thin films. Examples known from the literature reports on the thin films of TiO 2 doped with Nb have shown that incorporation of Nb ions into TO 2 lattice results in n type conductivity [4] , and what is more, good electrical conductivity of such magnetron sputtered thin films was obtained only after additional annealing in hydrogen, nitrogen or in a vacuum. To our knowledge, the results presented in the article, reporting the conversion of the type of electrical conduction are unique and so far there have been no reports, which consid- ered such behavior of (Ti,Nb)Ox thin films. Probable factors of the observed conversion are structural changes occurring in the thin film as a result of the annealing. In case of as-deposited samples, from the XPS analysis (Fig. 3 ) the Ti 3+ , Ti 4+ , Nb 2+ and Nb 5+ ions characteristic of the Ti 2 O 3 , TiO 2 , NbO and Nb 2 O 5 phases were found. The presence of reduced to +3 and to +2 oxidation states of the titanium and niobium ions, respectively explains the possible source of additional free electrons which disappeared after the annealing. As it is shown in Fig. 3 , after the annealing, only crystal phases related to the TiO 2 rutile and anatase appeared. What is also worth to emphasize, the value of determined Seebeck coefficient was almost unchanged for both cases of the examined thin films within investigated temperature range. That might indicate the balance between concentrations of the negatively (or posi- tively) charged extrinsic and thermally activated intrinsic electrical carriers. The source of the intrinsic electrical carriers could be the structure, which is connected with the presence of electrically charged surface of nanocrystalls, grain boundaries, oxygen deficiencies, etc., which may act as traps for electrical charge carriers or may release additional electrons or holes upon thermal activation.
Conclusions
The (Ti,Nb)Ox thin films were deposited using the high energy magnetron sputtering. The niobium concentration in the thin films was estimated as 3.3 at. %. The as-deposited samples were amorphous, while additional annealing caused the structure transformation to the two-phase component system of the TiO 2 anatase-rutile mixture with crystallites of 34.1 nm and 11.7 nm, respectively. The surfaces of the as-deposited thin films were composed of the TiO 2 , Nb 2 O 5 and oxygen deficient Ti 2 O 3 and NbO, while the annealed coatings were composed only from the TiO 2 and Nb 2 O 5 oxides.
The average transmission was about 45 %, however additional annealing increased it to ca. 55%. Incorporation of niobium caused a significant decrease of the resistivity value. The undoped TiO 2 is a dielectric material with resistivity of ca. 10 8 Ωcm, while incorporation of only 3.3 at.% of niobium caused its decrease to ca. 1.5 Ωcm. Additional postprocess annealing at 600 K caused further decrease of the resistivity to 2.2·10 −1 Ωcm. Also, what is worth to emphasize, the as-deposited thin film were the n-type conductors, while the post-process annealing changed this behaviour to the p-type conduction.
